Abstract X-ray emission is an important indicator of stellar activity. In this paper, we study stellar X-ray activity using the XMM-Newton and LAMOST data for different types of stars. We provide a sample including 1259 X-ray emitting stars, of which 1090 have accurate stellar parameter estimations. Our sample size is much larger than those in previous works. We find a bimodal distribution of X-ray to optical flux ratio (log(f X /f V )) for G and K stars. We interpret that this bimodality is due to two subpopulations with different coronal heating rates. Furthermore, using the full widths at half maxima calculated from Hα and Hβ lines, we show that these stars in the inactive peaks have smaller rotational velocities. This is consistent with the magnetic dynamo theory that stars with low rotational velocities have low levels of stellar activity. We also examine the correlation between log(f X /f V ) and luminosity of the excess emission in the Hα line, and find a tight relation between the coronal and chromospheric activity indicators.
INTRODUCTION
Stars of almost all stellar classes are X-ray emitters (Harnden et al., 1979; Stocke et al., 1983; Schmitt et al., 1995; Rogel et al., 2006) . X-ray emission from late-type main-sequence stars comes from a magnetic corona which contains a plasma at temperature exceeding ∼1 million K. The coronal magnetic structures and heating mechanisms are controlled by surface magnetic fields (Güdel, 2004) , the latter of which are generally thought caused by a complex dynamo mechanism (e.g., Pizzolato et al., 2003) .
The magnetic dynamo mechanism has been observationally evidenced by the famous activityrotation correlation (Skumanich, 1972) . Walter & Bowyer (1981) discovered the relation between X-ray luminosity (L X ) and rotation for RS CVn systems. A more accurate relation, L X ∼ 10 27 (V sini) 2 , was given by Pallavicini et al. (1981) for late-type stars. Furthermore, it was found that the activity-rotation correlation depends on the stellar mass (Pizzolato et al., 2003) . This is explained as that the generation of magnetic energy by large-scale dynamo action is driven by rotation and convection (e.g., Charbonneau, 2010; Reiners et al., 2014) . On the other hand, there is a saturated X-ray luminosity (L X /L bol ≈ 10 −3 , where L bol is the bolometric luminosity) for most active stars where L X /L bol does not change below a certain rotation period (Vilhu, 1984; Vilhu & Walter, 1987) . Two scenarios are often used to explain the saturation and super-saturation (i.e., the activity starts decreasing as stellar rotation rate increases to a critical value; Prosser et al., 1996) of stellar activity: polar up-drift migration (Solanki et al., 1997) and centrifugal stripping (Jardine & Unruh, 1999) .
Although there have been many studies about stellar X-ray emission, some issues are still poorly understood, such as coronal heating and the evolution of stellar activity. One main limitation of previous studies is the small sample size of X-ray emitting stars with accurate stellar parameter estimations. This paper uses the largest spectral database, from observations by the Large Sky Area
Multi-object Fiber Spectroscopic Telescope (LAMOST, also named the Guoshoujing Telescope), to present stellar parameters (e.g., effective temperature, surface gravity, metallicity) for more than 1200 X-ray emitting stars observed by XMM-Newton. We will study stellar X-ray activities over a wide range of stellar parameters. This may help us improve the understanding of these open issues (Testa et al., 2015) .
The paper is organized as follows. In Section 2, we show the data analysis and sample selection from the 3XMM-DR5 (Rosen et al., 2016) and the LAMOST DR3 (Luo et al., 2015) . In Section 3, we calculate the X-ray to optical flux ratio, and study the correlation between the X-ray to optical flux ratio and different stellar parameters. In Section 4, we discuss and explain the bimodality of stellar X-ray activity. Finally, we summarize the results in Section 5.
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Sample Selection
We cross-matched the 3XMM-DR5 catalog and the LAMOST DR3 catalog using a radius of 3 ′′ .
This led to 3579 unique XMM-Newton sources with LAMOST spectral observations. To calculate the likelihood of mismatch, we shifted the positions of XMM-Newton sources by 1 ′ , and crossmatched them with the LAMOST catalog again using the same radius. In this case, we obtained 135 matches, and we conclude the likelihood of mismatch is about 3.77%.
We used several criteria to get a clean sample. Firstly, for the XMM-Newton data, we selected sources with sum flag ≤ 2 and sc extent = 0. The former is the summary flag derived from the EPIC warning flags, which is used to exclude spurious detections; the latter is the total band extent that is used to recognize point sources. Secondly, for the LAMOST spectra, we only used those with signal-to-noise ratio (SNR) higher than 7.5 in the r band. Thirdly, there are four main kinds of classes in the LAMOST database: "STAR", "GALAXY", "QSO", and "Unknown". Spectra flagged as "Unknown" were excluded from the sample. Some other sources, like double stars and white dwarfs, were also excluded according to the classification of the LAMOST catalog. This led to a sample of 1564 sources, including 134 Galaxies, 60 QSOs, and 1370 stars. Finally, we cross-matched the 1370 stars with the SIMBAD database using a radius of 3 ′′ . About 100 sources are actually not main-sequence stars: 59 multiple objects, 32 pre-main-sequence stars, 18 globular clusters, one galaxy, and one possible active galactic nucleus (AGN). All these sources were excluded from the stellar sample. We visually checked all the spectra of the sample sources (e.g., stars, galaxies, and QSOs), and the final stellar sample contains 1259 stars.
LAMOST data
LAMOST is a reflecting Schmidt telescope with a clean aperture of 4 meters and a field of view of 5 degrees (Cui et al., 2012; Zhao et al., 2012) . With 4000 fibers, it started its optical spectroscopic survey in 2012, and has successfully accomplished the fourth year mission (Deng et al., 2012; Luo et al., 2015) . The third data release, DR3, contains 5,755,126 spectra, including 5,268,687 stellar spectra, 61,815 galaxy spectra, 16,351 spectra of quasars, and 408,273 spectra of unknown objects (Luo et al., 2015) . In this work, we obtained the effective temperature (T eff ), metallicity ([Fe/H]), and surface gravity (log(g)) from the stellar parameter catalogs for A-, F-, G-, and Ktype stars. The typical uncertainties of the T eff and log(g) are about 150 K and 0.3 dex (Wu et al., 2011) . We collected the extinction estimations from Xiang et al. (2017) ; the typical uncertainty of 
where f (0) denotes the nearby pseudo-continuum flux.
XMM-Newton data
The 3XMM-DR5 catalog (Rosen et al., 2016) contains 565,962 X-ray detections comprising 396,910 unique X-ray sources, which is one of the largest X-ray source catalogues ever produced. We used PIMMS 1 to convert the 0.2-12 keV count rate (CR) to the unabsorbed 0.3-3.5 keV flux for the PN, M1, and M2, respectively. For stars we assumed an APEC model with individual absorptions, solar abundance, and a moderate coronal temperature (logT =6.5) for the stars (Schmitt et al., 1990) . The individual absorptions for stars were converted form their extinctions (Foight et al., 2016) ,
The uncertainty of N H is about 2.67×10 20 cm −2 . We should note that the unabsorbed X-ray flux f X , converted from the count rate using PIMMS, is dependent on the coronal temperature set in the APEC model. However, the exact plasma temperature is not accurately known. To evaluate the influence on f X , we re-estimated it with a higher temperature (logT = 7). Using the mean value of N H (≈ 10 21 cm −2 ) for the sample stars, we find f X decreases by a factor of ≈ 0.05. Therefore, the influence of plasma temperature can be ignored in our study. For galaxies and QSOs we assumed a power-law model with Γ = 1.7 and Galactic foreground absorptions (Schlafly & Finkbeiner, 2011) . Then, we obtained f X as the mean value of the three cameras weighted by the errors. We used the EP HR2 as the hardness ratio (HR), which is defined as (CR 1−2 keV − CR 0.5−1 keV ) / (CR 1−2 keV + CR 0.5−1 keV ) and calculated by averaging over all three cameras.
RESULTS

X-ray to optical flux Ratio
The ranges of X-ray to optical flux ratio are distinctly different for each stellar type, AGNs, BL Lac objects, clusters of galaxies, and normal galaxies (e.g., Stocke et al., 1991; Hornschemeier et al., 2003; Zickgraf et al., 2003; Brusa et al., 2007; Luo et al., 2008) . Using the definition from Maccacaro et al. (1988) , we estimated log(
where f X is the unabsorbed 0.3-3.5 keV flux, and V 0 is the extinction-corrected V -band magnitude.
In order to obtain the V -band magnitude, we cross-matched the LAMOST DR3 catalog and the UCAC4 catalog (Zacharias et al., 2013 ) with a radius of 3 ′′ . For objects without a UCAC4
V -band magnitude, we calculated it using the g and r magnitudes from the Sloan Digital Sky Survey (SDSS) following Jester et al. (2005) :
The errors of log(f X /f V ) were calculated as a combination of the errors of X-ray flux, V -band magnitude, and extinction. The X-ray information and the stellar parameters from the LAMOST catalog are summarized in Tables 1 and 2 . stars have log(f X /f V ) less than −1; most of the galaxies have log(f X /f V ) between −3 and −1; most of the QSOs have log(f X /f V ) between −1 and +1. These ranges are consistent with previous works (e.g., Stocke et al., 1991; Krautter et al., 1999; Georgakakis et al., 2004; Agüeros et al., 2009) .
For the stellar sample, we divided these stars into four groups according to their spectral types.
Each stellar type shows a widest range of emission levels, with log(f X /f V ) ranging from ≈ −5 to ≈ −1 (Figure 2 ). Generally, late-type stars have higher log(f X /f V ) than early-type stars, because the optical luminosity decreases more rapidly than the X-ray luminosity for decreasing stellar masses. The distributions of G and K stars show bimodality, which is consistent with previous studies (Stocke et al., 1991; Agüeros et al., 2009; Lin et al., 2012) . For G stars, there are more inactive stars than active ones, while for K stars, more active stars are apparent. The log(f X /f V ) distributions of K subtypes show clear bimodality ( Figure 3 ). However, due to the sample limit, it is difficult to claim whether the G subtypes show bimodal distributions or broad distributions with local peaks. A clear evolutionary trend of the X-ray activity can be seen: from a single inactive distribution (F type), to a weak bimodal distribution (G type), to a clear bimodal distribution (K type), to a single active distribution (M type). Future work with a larger sample may shed more light on the distributions of the subtypes. type. For B and M stars, no log(g) value was given by the LAMOST catalog, thus no giant and dwarf classification was done for them.
Comparison with Previous Works
Agüeros et al. (2009) calculated log(f X /f V ) for 317 stars using the ROSAT All-Sky Survey (RASS; Voges et al., 1999) and the SDSS catalog. We propose this is due to a higher sensitivity of the XMM-Newton mission, therefore more sources with lower log(f X /f V ) values can be detected. given by the LAMOST catalog, thus no giant and dwarf classification was done for them.
Correlation Between log(f X /f V ) and Stellar Parameters
Using stellar parameter estimations from LAMOST, we study the correlations between log(f X /f V ) and stellar properties, including T eff , log(g), [Fe/H] , and Hα emission.
3.4.1 log(f X /f V ) vs. T eff and log(g)
The bimodality of G-and K-type stars can also be seen in the log(
We divided the sources into two branches. For the primary branch, which contains the main part of the sources (outside the dashed rectangle), log(f X /f V ) decreases with increasing temperature.
This result is compatible with previous works ( secondary branch (inside the blue dashed box), stars generally have constant low log(f X /f V ) values for varying effective temperatures. The secondary branch is mainly constructed of cool stars (T eff < 5800 K). We roughly defined a region for the secondary branch in the stellar parameter space:
The constraint on log(g) aims to exclude giant stars. The secondary branch contains most of the inactive G-and K-type stars, and it can be regarded as the inactive part of the two types stars. On the other hand, a group of stars (3800 K < T eff < 5800 K; log(f X /f V ) > −3.3) in the primary branch can be considered as the active part of the G and K stars.
There are ≈ 108 giants showing X-ray emission, and some have high X-ray activity ( Figure   6 ). This is consistent with previous studies that late-type giants can have (high) stellar activities (Simon & Drake, 1989; Aurière et al., 2015) . However, some giants or sub-giants showing stellar activity may be in unrecognized binary systems (Özdarcan & Dal, 2018) , and our data are not sufficient to associate the X-ray emission to the giants themselves or their unresolved dwarf companions (Schröder & Schmitt, 2007) .
There is no clear evidence for a correlation between X-ray activity and metallicity (Figure 7) , however, for active stars (log(f X /f V ) > −3), a weak correlation between log(f X /f V ) and who reported that the metallicities of very active stars are lower than those of normally active stars. Those inactive stars in the secondary branch are generally more metal-rich than the active stars (of the same spectral type) in the primary branch (Figure 8 ).
log(f X /f V ) vs. Hα Emission
Both the X-ray and Hα emission are proxies of stellar magnetic activity (Testa et al., 2015) , although they exist at different layers of the stellar atmosphere (i.e., corona and chromosphere).
LAMOST in combination with XMM-Newton provide us with a great opportunity to study the relation between the two activity indicators. The EW of Hα lines is listed in Table 3 . Stars with positive EW, which means Hα emission line, have higher log(f X /f V ) values ( Figure 9 ). All stars in the secondary branch (i.e., X-ray inactive) and most of the stars in the primary branch, which have low log(f X /f V ) values, do not have Hα excess emissions. As an example, the LAMOST spectra for two stars (one active and one inactive) are shown in Figure 10 .
However, EW is not a suitable indicator of stellar activity since the continuum flux is very sensitive to the effective temperature (Reid et al., 1995; Yang et al., 2017) . To remove the effects of effective temperature and surface gravity, we used the ratio of Hα excess flux and bolometric flux to describe the activity of chromosphere. First, we constructed a "basal line" of Hα emissions using those inactive stars in the secondary branch (Figure 11 ). The excess EW (hereafter EW ′ ) is calculated by subtracting the basal value at the same temperature, i.e., log(g) as a function of temperature. The color shows different levels of log(f X /f V ). The red dashed line is the separation between giant and dwarf stars (Ciardi et al., 2011) . The meaning of the symbols is the same as in Figure 5 . 
THE BIMODALITY OF X-RAY ACTIVITY
The log(f X /f V ) distributions of G and K stars show clear bimodality (See Figure 2 and 5). The gap between the peaks of the bimodal distribution is similar to that discovered by Vaughan & Preston (1980) using the Ca II H&K lines. That gap was first explained as a sudden change of dynamo activity to a less efficient mode at a critical rotation rate, but the scenario was rejected because the dependence of the chromospheric emission on rotation and spectral type is the same for stars above and below the gap (Noyes et al., 1984) . Other studies with Ca II H&K, Hα, and X-ray emission have also found the bimodality of stellar activity, with an active and inactive peak (e.g., Henry et al., 1996; Wright et al., 2004; Jenkins et al., 2011; Martínez-Arnáiz et al., 2011; Pace, 2013) . The bimodality is now explained as one young and one old subpopulation. The old one is often thought to be inactive in chromospheric and X-ray emission, since the magnetic activity decreases simultaneously as the rotation decelerates with age (e.g., Mamajek & Hillenbrand, 2008; Katsova & Livshits, 2011) .
The sky distribution ( Figure 13 ) shows no obvious distinction of the stars in the two branches.
That means those two branches are not belonging to different local structures (e.g., stellar streams).
Before we discuss the bimodality of X-ray activity, we firstly checked the possibility that the bimodality is caused by selection effects, i.e., whether the detection limitations of XMM-Newton and LAMOST can produce a double-peaked distribution from a single-peaked f X and a singlepeaked V distribution. rimary [3800 K < T eff < 5800 K; log(f X /f V ) > -3.3] secondary Fig. 13 The sky distribution of our stellar sources in Galactic coordinations. The meaning of the symbols is the same as in Figure 5 .
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Selection Effect
We performed a Monte Carlo simulation to check whether the bimodality is caused by selection effects. The detailed steps are as follows:
(i) We simulated a sample including 10 million sources with different effective temperatures, using the proportion from the LAMOST stellar parameter catalogs.
(ii) We obtained the relation between log(f X /f V ) and temperature by fitting to the observed distribution of the primary branch as, log(f X /f V ) = (−9.05 ± 0.33) × 10 −4 T + (1.99 ± 0.19).
Using this Equation, we calculated log(f X /f V ) values for the 10 million simulated sources.
(iii) We obtained the relation between absolute magnitude and temperature by fitting the data in (iv) We derived the relation between X-ray luminosity and temperature using Equation 7 and 8, following,
The absolute magnitude and luminosity for the Sun is 4.85 mag (Worthey et al., 1994) and 4.64 × 10 32 erg s −1 2 . We then obtained the X-ray luminosities for the simulated stars ( Figure 14 , bottom left panel).
(v) Assuming the stars are located in the Galaxy, we assigned random distances (from 1 pc to 15 kpc; Amôres et al., 2017) ) to each star (Figure 14 , top right panel).
(vi) We calculated the apparent magnitude and X-ray flux using the simulated M V , L X , and distance D. The detection limits were set for LAMOST (10 < V < 20) and XMM-Newton (10
erg s −1 < f X < 10 −11 erg s −1 ) to select simulated sources that can be detected.
(vii) We re-calculated the log(f X /f V ) with Equation 3, using the apparent magnitude and X-ray flux. The simulated distribution is shown in Figure 14 (bottom right panel). The simulated distributions of M V , L X , and log(f X /f V ) for G and K stars are plotted in Figure   15 . The simulated single-peaked distributions of log(f X /f V ) mean that the observed bimodality of G and K stars (Figure 2) is not due to selection effect. 
Hardness Ratio
The coronal temperature is known to be positively correlated with X-ray luminosity and stellar activity (e.g., Vaiana, 1983; Schrijver et al., 1984; Schmitt, 1997; Güdel, 2004; Jeffries et al., 2006; Telleschi et al., 2005 Telleschi et al., , 2007 . The cause of this relation between coronal temperature and luminosity can be that they are both functions of magnetic activity (Güdel, 2004) . A more efficient dynamo inside active stars (for example because of faster rotation) produces stronger magnetic fields in the corona, and consequently a higher rate of field line reconnections and flares. This results both in a larger density of energetic electrons in the corona, and in higher temperatures. Therefore, we suggest that the double-peaked distribution of log(f X /f V ) represents a double-peaked distribution of heating rates, and therefore coronal temperatures.
In our work, we take the X-ray HR as a proxy for the coronal temperature, because hotter corona will emit photons with higher energies, which produces harder X-ray spectra. There is a positive correlation between log(f X /f V ) and HR (Figure 16 ). That means stronger X-ray emitters (higher log(f X /f V )) have higher coronal temperatures. To have a better look, we classified the objects into three types: hard, median, soft sources, using the criteria as: hard (0.3 < HR < 1), median (−0.6 < HR < 0.3), and soft (−1 < HR < −0.6). We find (Figure 17 ) that (1) the higher activity peak of the log(f X /f V ) distribution in G-type stars is dominated by hard sources, and the lower activity peak by median and soft sources; (2) the higher activity peak of the log(f X /f V ) distribution in K-type stars is dominated by hard and median sources, and the lower activity peak by soft sources.
Besides G and K stars, the bimodality was also detected in late F and early M stars (Section 3.2), although the statistics are too poor due to the sample limit. One question is that why the bimodality is not detected for those hotter or cooler stars. For hotter stars (early F and earlier), the coronal heating efficiency may be quite low for most of them. For cooler stars (late M), firstly, they are generally optically faint, thus our sample may be not complete; secondly, stars later than M4 type may have different dynamo mechanism due to their fully convective feature (Durney et al., 1993) ; thirdly, the evolution of M stars is very slow, which means most of them are still in the regime with high coronal heating rate. In fact, most of the M stars have high HR values around 0 (Figure 16 ). 
Rotational Velocities
The magnetic dynamo suggests a lower rotation velocity for inactive stars than active ones. Therefore, we further checked the difference of rotational velocities of the primary branch (3800 K < T eff < 5800 K; log(f X /f V ) > −3.3) and secondary branch. They can be regarded as the active and inactive parts (of G and K stars), respectively. In our work, we take the FWHMs of Balmer lines as proxies of rotational velocities (Strassmeier et al., 1990; Fekel, 1997) .
The instrumentally corrected FWHM is calculated as where FWHM obs is the observed FWHM, FWHM inst the FWHM of the lamp lines, and FWHM cor the corrected FWHM (Strassmeier et al., 1990 ). Here we calculated the FWHMs of Hα and Hβ lines, for 540 and 596 stars, respectively (Table 3) . Collisional broadening and broadening as a result of macro-turbulence were not corrected for. The corrected FWHMs measured from Hα and Hβ lines are in good agreement (Figure 18 ). The mean deviation between the FWHMs from the two lines is ≈0.43Å , with a standard deviation as ≈1.09Å.
The FWHMs of the secondary branch stars are generally smaller than those of the part of primary branch stars (Figure 19 ), indicating relatively lower rotational velocities of the secondary branch sources. This further explains the bimodality of the X-ray activity of G and K stars. Low rotational velocity weakens the coronal activity (Pallavicini et al., 1981; Pizzolato et al., 2003; Wright et al., 2011) and, therefore the X-ray to optical flux ratio.
CONCLUSION
The XMM-Newton and LAMOST data allow us to identify X-ray emitters and probe stellar X-ray activity over a wide range of stellar parameters. By cross matching the 3XMM-DR5 catalog and the LAMOST DR3 catalog, we provide a sample including 1259 X-ray emitting stars, of which 1090 have accurate stellar parameter estimations. Our sample size is much larger than those in previous works. We studied the X-ray emission level, using X-ray to optical flux ratio, for different stellar types, including two B stars, 36 A stars, 317 F stars, 405 G stars, 332 K stars, and 167 M stars. Late type stars in general have higher log(f X /f V ) values than early type ones, indicating their higher X-ray activity.
We find a bimodal distribution of log(f X /f V ) for G-and K-type stars. We performed a Monte
Carlo simulation which proves that the double-peaked distribution are not caused by selection effect. We explain this bimodality as evidence of two subpopulations with different coronal heating rates, and therefore different coronal temperatures. Stars with a hotter corona -observationally with a higher HR -have a higher X-ray log(f X /f V ) value. Furthermore, we calculated the FWHMs of Hα and Hβ lines, and found that those inactive stars have generally smaller FWHMs, and therefore lower rotational velocities, than active stars. In fact, the log(f X /f V ) distributions of the late F and early M types also display weak bimodality, but the statistics are very poor due to the sample limit. Future studies with more F and M stars may shed more light on the distribution. In general, the rotation velocity and stellar activity observationally decay with stellar age (e.g., Wilson, 1963; Skumanich, 1972; Simon et al., 1985; Cardini & Cassatella, 2007; Mamajek & Hillenbrand, 2008) , therefore, those inactive stars with much higher log(g) values are possibly old stars. We speculate that the old age, stellar activity cycles like those displayed by the sun (Judge et al., 2003) , and long-term variation (such as Maunder minimum: Baliunas & Jastrow, 1990; Henry et al., 1996) may all contribute to the inactive part. We also examined the correlation between log(f X /f V ) and Hα emission line luminosity, and find a positive tight correlation between the two quantities. 
